Introduction
============

Autosomal recessive nonsyndromic mental retardation (NSMR)[^4^](#FN2){ref-type="fn"} is estimated to account for a quarter of individuals with NSMR ([@B1]). Although many X- linked genes associated with NSMR have been identified ([@B2]), only three autosomal genes are found to be associated with NSMR ([@B3]). The *CC2D1A* gene was identified as the third autosomal recessive NSMR gene ([@B4]). Homozygosity for a deletion of 3,589 nucleotides beginning at intron 13 and ending at intron 16 of the *CC2D1A* gene was identified in nine affected individuals among the 10 affected and 24 unaffected individuals in the families. The deletion introduces a frameshift, creating a 30-amino acid nonsense peptide and a stop codon at position 438 of the mutant protein. Various biological processes involved in neuronal differentiation and synaptic plasticity, synaptic vesicle cycling, and gene expression regulation are considered to be important in the causation of mental retardation.

*CC2D1A* is the founding member of the *CC2D1* gene family that contains DM14 (*Drosophila melanogaster* 14) and C2 domains ([@B4]). The *CC2D1A* gene encodes a 951-amino acid protein that contains four DM14 domains, a predicted helix-loop-helix DNA binding domain, and a protein kinase C conserved region 2 (C2)/calcium-dependent lipid-binding calcium/phospholipid binding domain. The C2 domain was originally identified as one of the two conserved regulatory domains (C1 and C2) of Ca^2+^-dependent protein kinase C (PKC) ([@B5]). It can act as a phospholipid binding or protein-protein interaction domain ([@B6], [@B7]); the DM14 motif is a conserved protein domain that was originally identified in the *Drosophila* genome and has no assigned function ([@B4]). The truncation mutation in NSMR patients causes deletion of one of the four DM14 domains and the C2 domain, suggesting that either or both C2 and DM14 domains are important for CC2D1A function.

CC2D1A was originally identified in a large scale overexpression screen as an activator of the NF-κB promoter ([@B8]); later, CC2D1A was shown to bind a 5′-repressor element of the serotonin-1A (5-HT1A) receptor to repress its expression in transfection experiments and was named Freud-1 ([@B9], [@B10]). Because 5-HT1A receptors are G-protein-coupled receptors that signal through G~i~/G~o~ proteins to inhibit adenylyl cyclase, which produces cAMP, the loss of CC2D1A may result in higher expression levels of the 5-HT1A receptor, which may inactivate adenylyl cyclase, causing inactivation of the cAMP pathway in patients ([@B11]). This overexpression study suggests that CC2D1A positively regulates the cAMP pathway through transcription that may provide a potential link between CC2D1A and neuronal function, but the function of the endogenous CC2D1A protein remains to be determined.

The cAMP-dependent protein kinase A (PKA) pathway regulates synaptic plasticity, learning, and memory and thus is an important pathway for mental retardation research ([@B12], [@B13]). This pathway has also served as a paradigm for signal transduction that emanates from cell membranes where receptors are activated to trigger the activation of transcription factors in the nucleus. Binding of ligands (hormones, neurotransmitters, and growth factors) to their specific receptors located in the plasma membranes activates GTP-binding proteins (G-proteins) that are coupled to the receptors; the G protein then stimulates the activation of the enzyme adenylyl cyclase, which converts ATP to cAMP. The mammalian PKA holoenzyme consists of two regulatory (R) subunits and two catalytic (C) subunits ([@B14]). Each regulatory subunit contains two tandem cAMP-binding sites ([@B15]). In the absence of cAMP, PKA is inactive. When cAMP concentration rises, sequential and cooperative binding of cAMP on the R subunits results in dissociation of the monomeric C subunits that are active in phosphorylating substrates ([@B16]--[@B18]). When the cAMP concentration is high enough, PKA eventually translocates into the nucleus and phosphorylates transcription factors to affect gene expression. One of the best studied effectors that is relevant to neuronal function is CREB ([@B18], [@B19]). Upon phosphorylation at Ser-133, CREB becomes competent to bind the potent co-activator CREB-binding protein and activates the transcriptional program that is essential for brain plasticity and memory ([@B13]).

Because cAMP is diffusible and is the key for PKA activation, the distribution of cAMP inside the cells dictates where PKA is activated. The flux of cAMP is also governed by phosphodiesterases (PDEs), which terminate cAMP signaling by hydrolyzing it to 5′- AMP ([@B20]). PDEs are pivotal in shaping and controlling intracellular cAMP gradients in cells ([@B21]). There are 40 different isoenzymes in the PDE superfamily. Among them, PDE4 attracts the most attention ([@B22]--[@B24]), as PDE4-selective inhibitors show considerable promise as therapeutic agents for a range of disease indications, including chronic obstructive pulmonary disease ([@B25]--[@B28]), a finding that has been strongly supported by gene knock-out studies ([@B26], [@B28]).

The cAMP-PKA pathway is also influenced by protein kinase A anchoring proteins (AKAPs). AKAPs specifically bind the R subunit of the PKA holoenzyme as well as PDEs and other signaling molecules to coordinate the signaling event. As cAMP is produced at the plasma membrane, for rapid and optimal activation, PKA needs to be proximal to the membrane. AKAP such as Gravin/AKAP12 has been shown to bind to membranes. Localization of AKAPs/PKA/PDEs to the plasma membrane may shape upstream events in cAMP signaling. It is commonly accepted that anchoring of PDEs to the plasma membrane through AKAPs together with PKA limits the extent and duration of PKA activation ([@B29]--[@B32]). In all these cases, the mechanism for PKA activation is through fixing AKAPs in space to scaffold activators and effectors.

CC2D1A was initially identified as a binding protein of SRC2 (steroid receptor coactivator-2) and the Tank-binding kinase 1 (TBK1) in a proteomic screen designed to identify proteins that interact with the nuclear hormone co-activator SRC2. To further explore the role of CC2D1A, we isolated CC2D1A protein complexes. We show that it associates with several components of the cAMP/PKA signaling module including AKAP8, AKAP10, PDE4D, protein kinase A catalytic subunit (PrKacb), and protein phosphatase 2 (PP2) regulatory subunit. These results were highly suggestive of the involvement of CC2D1A in the cAMP/PKA pathway.

In this study, we also show that the NSMR protein CC2D1A is a positive regulator of the cAMP-PKA pathway. CC2D1A translocates to the plasma membrane in response to cAMP signaling, facilitated by the binding of membrane phosphatidic acid (PA) with its C2 domain thus allowing maximal activation. Significantly, using a mouse model that produces a truncated form of CC2D1A that lacks the C2 domain and three of the four DM14 domains, we show that CC2D1A is required for neuronal differentiation and plasticity. *CC2D1A* mutant neurons are hypersensitive to stress and have a reduced capacity to form dendrites and synapses in culture. Together, our findings may provide a molecular explanation why mutation in the *CC2D1A* gene leads to mental retardation.

EXPERIMENTAL PROCEDURES
=======================

### 

#### GFP and GST Fusion Constructs

For the N-terminal GFP and GST fusion plasmids, a BamHI-EcoRI cDNA fragment encoding full-length CC2D1A, the N-terminal 620 amino acids of CC2D1A, or the C-terminal 320 amino acids of CC2D1A was inserted into the BamHI/EcoRI site of the vector pEGFP-N1 (Stratagene) and into the BamHI/EcoRI site of the vector pGEX-4T1 (GE Healthcare). PCR was performed with CC2D1A cDNA in a V5 vector as template. The PCR product and vectors were digested with BamHI and EcoRI, gel-purified, ligated, and transformed into DH5α cells and plated on agarose gel plates with kanamycin or ampicillin antibiotic for selection.

For the expression and purification of GST-CC2D1A fusion proteins, *Escherichia coli* (BL-21) cells expressing GST or GST-CC2D1A, GST-CC2D1AΔN, or GST-CC2D1AΔC were induced with isopropyl 1-thio-β-[d]{.smallcaps}-galactopyranoside. Proteins were purified after lysing the cells by sonication. Cell debris was removed by centrifugation at 10,000 × *g* for 10 min. The supernatants were incubated with glutathione *S*-agarose beads by shaking gently for 1 h at 4 °C and then washed with PBS buffer.

#### Mutant Mouse Construction

A knock-out mouse for the *CC2D1A* gene was constructed in the laboratory of B. Su at M.D. Anderson Cancer Center. Briefly, a genomic knock-out vector was constructed in which the DNA corresponding to exons 8--14 of the *CC2D1A* gene was replaced with a neomycin phosphotransferase gene cassette. The construct was used to transform a mouse embryonic stem (ES) cell line, and ES clones that were resistant to neomycin were screened for a homologous recombination event at the *CC2D1A* locus in which the knock-out vector replaced exons 8--14 in the genome. Cells of the appropriate ES cell line were then injected into blastocysts, and the blastocysts were introduced into a pseudopregnant foster mother. Chimeric offspring that incorporate some of the *CC2D1A* knock-out ES cells into their germ line were crossed to make a founder line of heterozygotes. These mice were then bred to generate homozygous mutant and heterozygous mice that we used in all of the experiments described. Genotyping primer sequences are as follows: *CC2D1A* common forward, 5′-GGT CTT CCT AGC TAG AAT GTG TGC CCT GG-3′; *CC2D1A* WT reverse (+/+), 5′-GGT CCC CTT AGT AGC CGT CTG ACC TAG-3′; and *CC2D1A* mutant reverse (−/−), 5′-GTT GGC GCC TAC CGG TGG ATG TGG AAT G-3′.

#### Cell Lines and Cell Culture

For conditioned medium preparation, L929 cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM, from HyClone) plus 10% fetal calf serum (FCS) (Invitrogen). Three days after cells are at 100% confluence, medium was collected, centrifuged, filtered, and stored −20 °C for future use. For culturing macrophages, wild-type and *CC2D1A* homozygous E18 mice livers were disassociated in 1 ml of phosphate-buffered saline (HyClone) by trituration and plated in Eagle\'s modified Dulbecco\'s medium plus 10% FCS supplemented with 25--30% conditioned medium and incubated for 24 h. Nonadherent cells were collected and re-plated with the same culture medium for an additional 5--6 days. For culturing neurons, hippocampi were dissected from wild-type and *CC2D1A* homozygous P0 mice brains, and meninges were removed in a 3 °C pre cooled Ca^2+^- and Mg^2+^-free Hanks\' buffered salt solution. Hippocampi were incubated with warmed 0.25% trypsin in Hanks\' balanced salt solution, for 15 min at 37 °C. Tissues were washed with the Hanks\' balanced salt solution and triturated by using a pipette. Dissociated cells were cultured on gelatinized plates with warmed G3 (Neurobasal medium with B27 supplement (2 ml per 100 ml of medium), [l]{.smallcaps}-glutamine (0.5 m[m]{.smallcaps}), [l]{.smallcaps}-glutamate (25 μ[m]{.smallcaps}), and gentamicin (10 g/liter of medium)). After 3--5 days in culture, the medium was half-changed to G2 medium (G2 is the same as G3, minus the glutamate). To construct the GFP-CC2D1A mouse embryonic fibroblast cells (MEF), 2 × 10^6^ *CC2D1A* mutant MEF cells were electroporated with 20 μg of GFP-CC2D1A plasmid and GFP vector pEGFP-N1 (Stratagene) separately and seeded in 6-cm plates and on coverslips.

#### Antibodies and Western Blotting

Stimulated cells with bacterial lipopolysaccharide (LPS, 1 μg/ml, Sigma) or forskolin (50 μm, Sigma) were collected and lysed for 15 min by NETN buffer (150 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} EDTA, 50 m[m]{.smallcaps} Tris-HCl (pH 7.8), 1% Nonidet P-40, 1 m[m]{.smallcaps} phenylmethylsulfonyl fluoride, 0.5 μg/ml leupeptin, and 0.5 μg/ml pepstatin). Protein concentrations were normalized between samples, and for each sample 15 μg of total protein were resolved by SDS-PAGE and analyzed by Western blotting using antibody against the following: CC2D1A (Bethyl Laboratories); PDE4D (FabGennix), phospho-Ser-133-CREB (Cell Signaling); PKA catalytic subunits (PKAcs) (Santa Cruz Biotechnology); PKA regulatory subunits (PKA RegIIα, PKA RII) (Santa Cruz Biotechnology); AKAP95 (Upstate); CREB (Cell Signaling); phospho-Pro-38 (Santa Cruz Biotechnology); phospho-JNK1/2 (Santa Cruz Biotechnology); phospho-ERK1/2 (Santa Cruz Biotechnology); IκB (Santa Cruz Biotechnology); actin (Sigma); tubulin (Santa Cruz Biotechnology); and integrin (Santa Cruz Biotechnology). Following the primary antibodies incubation, membranes were washed with TBST and incubated with secondary antibodies (horseradish peroxidase-linked anti-mouse IgG antibody or a horseradish peroxidase-linked anti-rabbit IgG (Amersham Biosciences)). In the end, the membrane was developed using the ECL detection system (Amersham Biosciences).

#### Membrane Fractionation

Cells were collected and resuspended in 2.5 volumes of hypotonic swelling buffer, passed through a 25-gauge needle 10 times using a 1-ml syringe, left on ice for 10 min, and then left on ice for 20 min. The nuclear pellet (P1) was centrifuged out at 720 × *g* (3000 rpm) for 5 min. The supernatant was saved for further processing (see below). The nuclear P1 pellet was washed once by resuspending in 500 μl of fractionation buffer, dispersing the pellet with a pipette, and passing through a 25-gauge needle 10 times, followed by centrifuging at 720 × *g* for 10 min. The wash buffer supernatant was removed, and the nuclear pellet was resuspended in nuclei buffer (standard lysis buffer with 10% glycerol and 0.1% SDS added). The nuclear pellet was sonicated briefly (3 s) on ice. The supernatant was centrifuged again at 10,000 × *g*, and the supernatant was placed in a fresh tube. To produce the crude membrane fraction, the supernatant from the first step was centrifuged at 8,000 rpm (100,000 × *g*) for 1 h at 4 °C. The supernatant contains the cytosol and broken membranes, and the mitochondria are in the pellet. The supernatant was centrifuged in an ultracentrifuge at 40,000 rpm (100,000 × *g*) for 1 h. The supernatant was considered the cytosol, and the pellet contains crude membranes. The pellet was resuspended in the fractionation buffer (250 m[m]{.smallcaps} sucrose, 20 m[m]{.smallcaps} HEPES (pH 7.4), 10 m[m]{.smallcaps} KCl, 1.5 m[m]{.smallcaps} MgCl~2~, 1 m[m]{.smallcaps} EDTA, 1 m[m]{.smallcaps} EGTA, 1 m[m]{.smallcaps} DTT, phosphatase inhibitor mixture III) by pipetting using a 25-gauge needle as above and re-centrifuged at 40,000 rpm (100,000 × *g*) for 45 min. The pellet was resuspended in the same buffer as used for the nuclei. The crude membrane and cytosol fractions were analyzed by Western blots to estimate shifts in the localization of protein pools during signaling.

#### Immunocytochemistry

Cells cultured on poly-[d]{.smallcaps}-lysine-coated coverslips were stimulated with LPS or forskolin, fixed in 4% paraformaldehyde in PBS for 10 min at room temperature, incubated for 10 min on ice with PBS containing 0.3% Triton X-100, and washed again three times with PBS. Thereafter, the coverslips were incubated for 20 min at 37 °C in PBS containing 5% goat serum, and then the corresponding primary antibodies were added and incubated for 20 min at 37 °C (anti-CC2D1A (Bethyl Laboratories), anti-PKAcs (Santa Cruz Biotechnology), anti-MAP2 (Synaptic Systems), and anti-VGlut II (Synaptic Systems)). After that, coverslips were washed with PBS, incubated for 20 min at 37 °C with Texas Red or FITC-conjugated secondary antibody (Chemicon), washed again with PBS, and incubated for 5 min on ice in PBS containing 50 μg/ml DAPI, washed with PBS, and mounted on glass slides. In the end, antibody signals were visualized with a Delta Vision deconvolution microscope, and the images were processed with the SoftWoRx (version 2.5) software package (Applied Precision, Issaquah, WA). For dendrite and synapse formation assays, ImageJ software programs were used to measure the total dendrite length emanating from each neuron and the total number of synapses per neuron. The experiment was carried out three times with similar results. For each experiment, triplicate coverslips were quantified, and the means ± S.E. were reported.

#### Neuronal Toxicity and Survival Assay

Hippocampus samples from the brains of wild-type and *CC2D1A* mutant mice were harvested and disrupted. After culturing for 36 h in chemically defined medium (Neurobasal-A media, supplemented with GlutaMAX and B-27, Invitrogen) primary hippocampal neurons were incubated with 30 μ[m]{.smallcaps} H~2~O~2~ for 6 h or with camptothecin (10 μ[m]{.smallcaps}) for 18 h. After H~2~O~2~ incubation, cells were lysed in 200 μl of lysis buffer (0.1× PBS, pH 7.4, 0.4 m[m]{.smallcaps} Na~2~HPO~4~, 0.15 m[m]{.smallcaps} KH~2~PO~4~, 13.5 m[m]{.smallcaps} NaCl, 0.25 m[m]{.smallcaps} KCl, 0.5% Triton X-100, 2 m[m]{.smallcaps} MgCl~2~, and 0.5 g/100 ml acetyl dimethyl ethyl ammonium bromide). Cell lysates (10 μl) were loaded onto a hemocytometer, and the numbers of healthy nuclei were estimated by counting intact nuclei, while excluding those displaying blebbing or disruption of their nuclear membrane. Phase-bright bodies were also excluded from the counts. For each sample, 300 cells were counted, and the count was repeated three times with a new hemocytometer loading. After camptothecin incubations, neurons were fixed with 4% formaldehyde, stained with Hoechst 33258 (0.25 μg/ml), and washed with PBS. The number of healthy nuclei was estimated the same way after H~2~O~2~ treatment. The entire experiment was carried out three times with similar results. Triplicate samples were quantified, and the means ± S.E. were reported.

#### Analysis of Protein Complexes by Mass Spectrometry Immunoprecipitation

Mouse brain tissues were harvested and homogenized in 2.5 volumes of NETN (described above), and cells were collected and lysed by NETEN lysis buffer (100 m[m]{.smallcaps} NaCl, 20 m[m]{.smallcaps} Tris-Cl (pH 8.0), 0.5 m[m]{.smallcaps} EDTA, 0.5% (v/v) Nonidet P-40) for 15 min. Tissues and cell extracts were incubated with anti-CC2D1A (5 μg/ml, Bethyl Laboratories), shaken gently for 4 h at 4 °C, and centrifuged at 60,000 × *g* for 30 min at 4 °C. Supernatants were incubated with protein A beads (Sigma) and gently shaking for a 1 h at 4 °C. Beads were collected, washed with NETN, and separated by electrophoresis on 4--20% Tris-glycine gels (Invitrogen). Protein bands were cut out of the gel vertically and incubated on a shaker with destaining solution (40% methanol, 50 m[m]{.smallcaps} NaHCO~3~ in water) and then water for 1 day. Gel bands were equilibrated in 50 m[m]{.smallcaps} NH~4~HCO~3~ and digested by trypsin (1 μl, 25 μg/200 μl) at 37 °C for 4 h. To extract the protein, acetonitrile solution (100% acetonitrile) was added to the digested gel and shaken on high speed for 5 min. The supernatants were dried in a speed vacuum system for 1 h at high temperature. Mass spectrometry was performed by Dr. Sung Yun Jung.

#### Lipid Binding Assay

To determine the specificity of lipid binding by CC2D1A protein, PIP MicroStrip membranes (Molecular Probes) were used according to the manufacturer\'s protocol. Briefly, to block nonspecific protein binding, MicroStrips were incubated in 3% fatty acid-free BSA in TBST. Then GST-CC2D1A fusion proteins were eluted with 10 m[m]{.smallcaps} glutathione and incubated separately with PIP MicroStrip membranes. Protein-lipid binding was determined by Western blot using commercial mouse monoclonal anti-GST antibodies (Santa Cruz Biotechnology).

#### PKA Activity Assay

Wild-type and *CC2D1A* mutant MEF-stimulated cells with LPS, forskolin, or *N*^6^-benzoyladenosine-3′,5′-cAMP (Biolog) were collected, lysed in 2.5 volumes of Omnia Cell Extraction Buffer (BIOSOURCE) with added protease and phosphatase inhibitor mixtures 1 and 2 (Sigma) for 30 min on a rotator at 4 °C. Optimal protein concentrations (0.2 μg/ul) of each clarified cell extract (1 μg of total protein) were used for the measurement of PKA activity according to the manufacturer\'s specifications. The reactions were followed by measuring fluorescence intensity every 30 s for 20 min using a fluorescence microplate reader (excitation 360 nm and emission 485 nm).

RESULTS
=======

### 

#### Proteomic Analysis of CC2D1A Complexes Identified cAMP Signaling Components as Interacting Proteins

In a proteomic screen of SRC2-interacting proteins, we identified CC2D1A where CC2D1A appeared to associate with SRC2 and TBK1. Therefore, to further investigate this interaction, we immunoprecipitated CC2D1A protein complexes from a RAW macrophage cell line, both before and after stimulation by LPS (a known agonist of Toll-like receptor 4, TLR4) using an anti-CC2D1A antibody for mass spectrometry (MS) analyses ([Fig. 1](#F1){ref-type="fig"}*A* and [Table 1](#T1){ref-type="table"}, experiments 1, 2, and 4--6). In addition, we immunoprecipitated the CC2D1A protein complexes from WT and *CC2D1A* mutant (see below) MEF cells using the anti-CC2D1A antibody for MS analyses ([Fig. 1](#F1){ref-type="fig"}*B* and [Table 1](#T1){ref-type="table"}, experiment 7). Because *CC2D1A* was identified as an NSMR gene, we isolated endogenous murine CC2D1A protein complexes using cytosolic protein extract from day 0 neonatal mouse brain using the same an anti-CC2D1A antibody for MS analyses, to understand CC2D1A function in brain ([Fig. 1](#F1){ref-type="fig"}*C* and [Table 1](#T1){ref-type="table"}, experiments 8--12). Surprisingly, in all cases we found that CC2D1A appears to associate with several components of the cAMP/PKA signaling module. As shown ([Fig. 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), PDE4D and caspase 7 were consistently identified in multiple experiments in the CC2D1A immunoprecipitation. Also, the identification of PKA catalytic subunit β (PrKacb) in the CC2D1A protein complex suggested a possibility of CC2D1A involvement in cAMP/PKA signaling. This notion is further supported by the immunoprecipitation/MS analysis of the CC2D1A complex from RAW cells stimulated with forskolin (adenylyl cyclase stimulant) ([Table 1](#T1){ref-type="table"}, experiment 3). Furthermore, CC2D1A immunoprecipitation/MS revealed AKAP8 (AKAP95), Prkacb, and PP2r1a (PP2A regulatory subunit), which can form an AKAP/PKA/PP2A signaling module that is known to be important for PKA activation. These biochemical data suggest a possible role of CC2D1A in the cAMP-PKA signaling pathway.

![**Proteomic analysis of Cc2d1a complexes identify cAMP signaling components as interacting proteins.** Immunoprecipitations of Cc2d1a using an anti-Cc2d1a antibody from cell or tissue extracts under different conditions are shown. *A,* Raw cells that were cycling and treated with lipopolysaccharide (LPS, 1 μg/ml); *B,* MEF cells; *C,* mouse brain extracts. The immunocomplexes were resolved on a 4--20% SDS-polyacrylamide gel and stained with Coomassie Blue. The SDS-PAGE was divided into 12 regions; the bands were digested with trypsin, and the resulting peptides were analyzed with mass spectrometry to identify the proteins.](zbc0181205260001){#F1}

###### 

**Summary of putative Cc2d1a interacting proteins identified from various experiments**

The number of peptides detected is listed in the table, which serves as an estimate of the abundance of the protein in a semi-quantitative way.

![](zbc018120526t001)

#### Targeted Inactivation of the CC2D1A Gene by Homologous Recombination

To further explore the potential role of CC2D1A in PKA signaling, we began by gathering genetic evidence in a mouse model. We generated mice with targeted deletion of *CC2D1A* by homologous recombination ([Fig. 2](#F2){ref-type="fig"}*A*). Our targeting strategy led to the truncation of most of the CC2D1A protein but left an intact N-terminal fragment (263 amino acids) containing the first DM14 domain ([Fig. 2](#F2){ref-type="fig"}*B*). We will refer to the mutant mouse as ΔCC2D1A. To detect the truncated protein expressed by the modified CC2D1A locus, different primary cell types (macrophages, MEFs, and neurons) derived from Δ*CC2D1A* and WT mice were examined by Western blot. On the Western blot, the full-length CC2D1A protein was detected only in the wild-type (WT) cells (∼120 kDa) and not detected in the mutant cells. Because the primary antibodies are directed against the first 15 amino acids of CC2D1A, a truncated form of the protein around 36 kDa could be detected in the mutant cells and not in the WT cells ([Fig. 2](#F2){ref-type="fig"}*C*) and ([Fig. 1](#F1){ref-type="fig"}*B, IP/MS*). The levels of the truncated mutant protein were similar to the WT protein. Although *CC2D1A*^+/−^ heterozygous mice breed and develop normally with no gross differences from the WT mice, the Δ*CC2D1A* mice weigh significantly less than the WT littermates ([Fig. 2](#F2){ref-type="fig"}, *E--G*), similar to the PKA^−/−^ mice ([@B33]). The Δ*CC2D1A* mice also displayed a hunched back ([Fig. 2](#F2){ref-type="fig"}*E*), obvious vascular abnormalities in the brain, and shortness of breath (data not included). In addition, the homozygous Δ*CC2D1A* mice were born with the expected Mendelian ratio (+/+, +/−, −/−, 1:2:1) but displayed postnatal lethality with most pups dying within 12 h of birth ([Fig. 2](#F2){ref-type="fig"}*G*). We were unable to carry out electrophysiology and behavior tests because of the postnatal lethality, but we were able to perform biochemical and cellular analyses using the isolated MEF cells, macrophage cells, and neurons from prenatal and postnatal (P0) mutant and WT mice.

![**Cc2d1a protein structure and targeting strategy for *CC2D1A* knockouts and phenotypes of the Δ*CC2D1A* mutant mice.** *A,* schematic of the endogenous *CC2D1A* gene and the result of homologous recombination with the targeting vector. Disruption resulted in the deletion of exons 7--14 by homologous recombination with the targeting vector. *Colored vertical boxes* represent exons. *Vertical arrows* indicate restriction enzyme sites. P1, P2, and P3 are the common, wild-type, and mutant primers, respectively, used for genotyping by PCR. *B,* schematic of the conserved domains of the Cc2d1a protein, the C2 and the DM14 domains, the truncated form of the Cc2d1a protein expressed in Δ*CC2D1A* mutant mice, and the truncated form of the Cc2d1a protein expressed in human NSMR patients. The antibody against Cc2d1a recognizes the first 50 amino acids at the N terminus, thereby labeling full-length and all truncation mutants. *C,* Western blotting shows full-length endogenous Cc2d1a protein (120 kDa) in the wild-type cells (*top*) and the truncated Cc2d1a protein (*lower*) expressed only in cells from the mutant mice (Δ)(∼36 kDa). Macrophages, MEF, and hippocampal neurons were cultured from littermates wild-type and mutant (Δ). Newborn (P0) mice were collected, washed with PBS, and lysed in 1× RIPA buffer with protease inhibitors. Fifteen μg of protein was loaded from each lysate. *D,* PCR genotyping demonstrating the ∼2-kb wild type (+/+), heterozygous (+/−), and ∼8-kb mutant (−/−, Δ) genotype fragments. *E,* picture of P0 wild-type and mutant mice showing the difference in size between wild-type and mutant. The picture also displays the mutant mouse hunchback phenotype. *F,* diagram shows the difference in the average weight between wild-type, heterozygous, and mutant mice. (*n* = 180, *p* \< 0.0001). *G,* distributions of the genotype and the body weight of P0 mice. *STDV* refers to means ± S.D.](zbc0181205260002){#F2}

#### CC2D1A Is Required for Activation of Protein Kinase A

The proteomic data described above suggest that CC2D1A may be involved in the cAMP/PKA pathway, so we investigated CREB phosphorylation at serine 133, which is a downstream event of that pathway. We generated MEF and macrophage cells from *CC2D1A* WT and mutant E16 (16-day-old embryos), stimulated them with LPS, imidazoquinoline resiquimod R848 (a potent synthetic agonist of the Toll-like receptor 7/8, TLR7/TLR8), and forskolin separately and examined their CREB Ser-133 phosphorylation status by Western blot. As shown in [Fig. 3](#F3){ref-type="fig"}*A* and [supplemental Fig. S1, *A* and *B*](http://www.jbc.org/cgi/content/full/M111.261875/DC1), the early phosphorylation of the PKA target CREB at Ser-133 appeared to be defective in the *CC2D1A* mutant cells under all conditions tested. As a positive control experiment, the PKA inhibitor H89 was added to WT mouse MEF cells prior to stimulation with forskolin and LPS, and the phosphorylation status of CREB at Ser-133 was assessed. The kinetics of CREB phosphorylation at Ser-133 in this control was delayed ([supplemental Fig. S1, *E* and *F*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). This is consistent with the published role of PKA in the CREB early activation and strikingly similar manner of CREB phosphorylation observed in the *CC2D1A* mutant macrophages and MEF cells stimulated with forskolin and LPS. These data suggest that CC2D1A is important for the early CREB phosphorylation at Ser-133 that is mediated by PKA. To gain additional support for this idea, we stimulated WT and mutant MEF cells with agents known to activate the cAMP pathway, including forskolin, estrogen, insulin, and epidermal growth factor (EGF). Each of these treatments displayed similar defects in CREB Ser-133 phosphorylation in the *CC2D1A* mutant cells ([supplemental Fig. S3, *A--E*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). This suggests that CC2D1A is generally required for responses to cAMP signaling. Interestingly, *CC2D1A* mutant cells did not exhibit any detectable defect in CREB phosphorylation at Ser-133 in response to UV stimulation ([supplemental Fig. S3*F*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). A PKA-independent, p38/RK/HOG-1-dependent, p108 serine/threonine protein kinase has been identified as a UV-induced CREB kinase. Thus, the UV results give an indication of the specificity of the involvement of CC2D1A in the cAMP/PKA pathway. Furthermore, because PKA is the primary means by which cAMP exerts its effects on CREB, and given the observed CREB phosphorylation deficit at Ser-133, we turned our attention toward the activation of PKA kinase activity. To assess the activation of PKA under the assay conditions we have been using (see under "Experimental Procedures"), MEF cells were treated with forskolin, and cell lysates were assayed for PKA activity. PKA activity was consistently and significantly lower in the *CC2D1A* mutant cell lysates, suggesting that CC2D1A is important for PKA activation ([Fig. 3](#F3){ref-type="fig"}*B*). To confirm this result, several controls were carried out. To ensure that PKA activity was being assayed, *N*^6^-benzoyladenosine-3′,5′-cAMP, a potent and selective activator of PKA, stimulated the activity (data not included). Importantly, all of this activity could be inhibited by the specific PKA inhibitory peptide PKI ([Fig. 3](#F3){ref-type="fig"}*B*). To ensure that the lower PKA activity in the *CC2D1A* mutant cells was not a consequence of lower PKA catalytic subunit expression in these cells, cAMP was added to untreated sample lysates to measure the maximum amount of PKA catalytic subunit that could have been activated in both WT and *CC2D1A* mutant cells. The total amount of PKI-inhibitable PKA activity is the same in both WT and mutant cells ([Fig. 3](#F3){ref-type="fig"}*B*). Thus, the lower PKA activity that we observed in *CC2D1A* mutant cells is most likely due to unreleased PKA catalytic subunits. This observation suggests that CC2D1A may be a required prerequisite for activating PKA catalytic activity. Finally, based on the notion that CC2D1A is important for PKA catalytic subunit release and activation, and given the fact that PKA catalytic subunits translocate to the nucleus after activation, we followed the PKAcs localization during activation using indirect immunofluorescence of stimulated cells. WT and *CC2D1A* mutant MEF cells were stimulated with forskolin, fixed with 4% formaldehyde, and stained with antibodies directed against the PKAcs. The translocation of the PKAcs to the nucleus was observed in the WT MEF cells but not detectable in the *CC2D1A* mutant MEF cells ([Fig. 3](#F3){ref-type="fig"}*C*). This observation supports the suggestion that CC2D1A is involved in the release of the PKA catalytic subunit allowing its eventual translocation to the nucleus. In contrast, because MAPK pathways, including the p38, JNK, and ERK1/2 protein kinases, are known to be activated by Toll-like receptors and effect CREB phosphorylation, we tested the activation state of these kinases. We prepared primary fetal liver macrophages cells from WT and *CC2D1A* mutant mouse embryos (E16) and treated them with LPS for different times. After the cells were collected and lysed, we separated their proteins on SDS-polyacrylamide gels to examine these MAPK pathways statuses by Western blot. Each of the protein kinases that we tested (MAPK (p38), ERK1/2, and JNK) appeared to be activated normally ([supplemental Fig. S1*C*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). Additionally, because CC2D1A has been reported to positively regulate the NF-κB cascade, using the same macrophages lysates, we tested the degradation of I-κB, the inhibitory subunit of NF-κB. We observed a normal degradation pattern of I-κB, indicating a normal activation state of NF-κB. These results suggest that the CREB phosphorylation defect displayed by the *CC2D1A* mutant is exclusive to the role of CC2D1A in the cAMP/PKA pathway. Together, these data suggest that CC2D1A is important for PKA-mediated early CREB phosphorylation at Ser-133.

![**Cc2d1a is required for activation of protein kinase A and subcellular localization of the Cc2d1a protein in response to increases in cAMP.** *A,* Western blot of Ser-133 phosphorylation of CREB in response to forskolin treatment in WT and mutant MEF cells. *B, in vitro* PKA activity stimulated with forskolin in MEF cells. *C,* indirect immunofluorescence demonstrating PKAcs translocation into the nucleus in response to forskolin treatment in WT and mutant MEF cells. *D* and *E,* immunostaining show the accumulation of Cc2d1a protein toward the cell periphery in both macrophages and MEF cells after stimulation with forskolin. This localization phenotype is not shown in *CC2D1A* mutant cells neither before nor after forskolin treatment. *F,* images of HeLa cells show the accumulation of the transfected GFP-Cc2d1a fusion protein toward the cell periphery after stimulation with LPS (1 μg/ml) or forskolin (50 μ[m]{.smallcaps}). In all cases, cells were fixed and analyzed by immunofluorescence using an anti-Cc2d1a antibody and DAPI to stain the nuclei. Deacon microscopy was used for imaging.](zbc0181205260003){#F3}

#### CC2D1A Translocates to Plasma Membrane in Response to Ligand Stimulation through Its C Terminus That Binds Phosphatidic Acid (PA) and Phosphatidylserine (PS) in Vitro

The regulated association and dissociation of proteins with the surface of intracellular membranes is essential for a number of cellular functions, such as signal transduction and protein trafficking. Membrane association often involves one or more lipid binding domains within the relevant proteins. Because CC2D1A associates with the cAMP module and has a C2 domain and to further understand the molecular details of CC2D1A-dependent PKA activation, we investigated possible changes in subcellular localization of CC2D1A under different stimulants. We cultured human WT and *CC2D1A* mutant macrophages and MEF cells on coverslips and treated them with forskolin for different times. After fixing the cells with 4% formaldehyde, we used antibodies directed against the first 15 amino acids of the N-terminal CC2D1A to visualize CC2D1A and reveal its localization in the treated cells. The results are suggestive of an accumulation of CC2D1A toward the cell periphery such that a significant fraction of the signal appears localized at the plasma membrane ([Fig. 3](#F3){ref-type="fig"}, *D* and *E*). A similar change in the subcellular localization of CC2D1A was observed in mouse MEF treated with LPS, but macrophage LPS treatment resulted in CC2D1A localization to cortical puncta ([supplemental Fig. S2, *A* and *B*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). These observations suggest that CC2D1A might relocalize to places where the cAMP/PKA module is anchored, in response to the signaling stimulants, to modulate PKA activity. Because the truncated mutant form of the CC2D1A protein includes the first 15 amino acids that are recognized by the CC2D1A antibody we are using, the truncated form of the protein could also be visualized in the mutant cells. Relocalization of the truncated CC2D1A protein was not observed in *CC2D1A* mutant cells ([Fig. 3](#F3){ref-type="fig"}, *D* and *E*, and [supplemental Fig. S2, *A* and *B*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)), suggesting that the C2 domain is required for the observed CC2D1A relocalization. Furthermore, we stimulated WT and *CC2D1A* mutant MEF cells with hormones that are known to activate cAMP pathway, including estrogen, insulin, and EGF, and all of these treatments led to the accumulation of CC2D1A to the cell periphery in the WT cells but not in the *CC2D1A* mutant cells ([supplemental Fig. S3, *G--I*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). Significantly, in agreement with our previous CREB phosphorylation results, CC2D1A did not relocalize in response to stimulating the immortalized MEF cells with UV radiation ([supplemental Fig. S3*J*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). These results indicate that CC2D1A is specifically involved in cAMP/PKA signaling. The same phenomenon was observed when a GFP-CC2D1A construct was transfected in HeLa cells, excluding the possibility of antibody cross-reactivity ([Fig. 3](#F3){ref-type="fig"}*F*). In addition, because CC2D1A responds to stimulation of many pathways that lead to cAMP signaling, this suggests an integral role for CC2D1A in cAMP/PKA signaling where it localizes to the membrane periphery in response to signals that produce cAMP in a variety of cell types.

The C2 domains have been characterized as calcium-dependent phospholipid-binding domains, mainly through work on the canonical domain found in PKC ([@B34]), but their lipid specificities vary widely, and they can bind without requiring calcium. In addition, based upon our previous results, the CC2D1A C2 domain appears to be required for accumulation of CC2D1A at membranes. Therefore, to determine whether CC2D1A binds phospholipids, we constructed full-length CC2D1A, CC2D1AΔN (the four DM14 domains are truncated), and CC2D1AΔC (the C2 domain is truncated) as N-terminal GST fusion proteins) ([Fig. 4](#F4){ref-type="fig"}*A*), expressed the proteins in *E. coli*, and purified them. Using these recombinant proteins, we performed *in vitro* phospholipid binding assays using PIP Micro Strips membranes from Molecular Probes ([Fig. 4](#F4){ref-type="fig"}*B*). As shown in [Fig. 4](#F4){ref-type="fig"}*C*, the results indicated that full-length CC2D1A and CC2D1AΔN (C2 domain intact) bind to phosphatidic acid (PA) and PS, whereas the CC2D1AΔC (DM14 domains intact, C2 domain deleted) did not. These results suggest that the C2 domain mediates binding of CC2D1A to phospholipids and may therefore be potentially responsible for the membrane localization of CC2D1A after cAMP pathway stimulation. Furthermore, PA is the smallest phospholipid that is a major constituent of all cell membranes in the body, and PS is also a major membrane phospholipid, but it is most concentrated in the brain. It\'s relative abundance in this organ reflects its proven involvement in an assortment of nerve cell functions, including neurotransmitter release and synaptic activity. Thus, it is intriguing that the role of CC2D1A in cognition or neuronal development may depend on its ability to localize to membranes through the binding of PS. Moreover, in agreement with the lipid PIP strip binding assays, the YFP-C2 domain fusion constitutively localizes to vesicle-like structures, and forskolin stimulation does not seem to move the C2 domain to the plasma membrane ([supplemental Fig. S2*C*](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). Thus, although the C2 domain is essential for phospholipid binding, the N-terminal region of CC2D1A may provide constraints for phospholipid selectivity that regulates translocation of CC2D1A to membranes where high concentrations of PA/PS are transiently produced.

![**Cc2d1a is required for re-localization of the PKA signaling module to the plasma membrane, and Cc2d1a C2 domain binds phospholipids.** *A,* Western blot showing the presence of Cc2d1a, PDE4D, AKAP8, and PKA regulatory subunit II in wild-type MEF cell membrane fractions only after stimulation and not in *CC2D1A* mutant MEF cells either before or after stimulation. Crude membranes were purified from WT and *CC2D1A* mutant MEF cells after stimulation for 5 min. Total cell lysates, crude membrane, and cytosol fractions were analyzed by Western blots to estimate shifts in the localization of proteins. Tubulin and membrane marker proteins were used to show the purity of membrane fractions. *B,* Western blot showing GST-Cc2d1a and GST-Cc2d1aΔN but not GST-Cc2d1aΔC fusion proteins bind PA and PS. Phospholipid binding assay and Western blots are used to determine the phospholipids types that Cc2d1a C2 domain can bind. Nonspecific protein binding was blocked by incubating the PIP MicroStrip membranes in TBST with 3% fatty acid-free BSA. The membranes were then incubated in 0.5 μg/ml GST-Cc2d1a, of GST-Cc2d1a ΔN, or GST-Cc2d1a ΔC2 separately in TBST plus 3% fatty acid BSA overnight at 4 °C. The membrane strips were then incubated with anti-GST mouse monoclonal antibody and anti-mouse IgG horseradish peroxidase-linked antibody, respectively. In the end, membranes were developed using the ECL detection system. *C,* schematic diagrams of a PIP MicroStrip membrane showing the types of lipid spotted on the membrane. *D,* schematic diagram of GST-Cc2d1a, GST-Cc2d1aΔN, and GST-Cc2d1aΔC fusion proteins constructs.](zbc0181205260004){#F4}

As described above, we found that CC2D1A constitutively binds to PDE4D and associates with the entire cAMP/PKA signaling module after the stimulation of signaling that leads to cAMP accumulation. We also observed that CC2D1A protein accumulated on vesicles or at the plasma membrane, depending on the stimulant used, and that CC2D1A binds PA and PS *in vitro*. These observations suggest that CC2D1A may be recruiting the PDE4D bound to the PKA module to membranes, using a common lipid-based anchoring mechanism, to facilitate the signal transduction. Based on these data, we investigated PKA module localization to the membrane in response to increases in cAMP concentration. After stimulating WT and *CC2D1A* mutant MEF cells with forskolin for 5 min, cell fractionation was carried out as described under "Experimental Procedures." The protein in total cell lysates, as well as crude cytosolic and membrane fractions, were separated on SDS-polyacrylamide gels. We checked the proportion of PKA module components in each of these fractions by Western blot analysis. The results indicated that all detectable CC2D1A, PDE4D, AKAP8, and PKA regulatory subunit II (RII) subunits were present in the crude membrane fraction after stimulation of the cAMP pathway ([Fig. 4](#F4){ref-type="fig"}*D*). These results suggest the relocalization of the PKA module to the membrane occurs after stimulating the cAMP pathway. Furthermore, segregation of these proteins was not observed in the *CC2D1A* mutant cells, either before or after stimulation ([Fig. 4](#F4){ref-type="fig"}*D*). Because the truncated mutant CC2D1A protein does not relocate to the cell membranes, these results support the hypothesis that CC2D1A membrane localization is important for the recruitment of the PKA module to the membrane.

#### CC2D1A Expression Rescues the CREB Phosphorylation Phenotype in CC2D1A Mutant MEF Cells

The data presented so far suggest a direct role for CC2D1A in cAMP/PKA signaling. However, there are two alternative explanations for the results with the CC2D1A truncation mutant cells that could challenge those findings. First, the mice that are homozygous for the truncated form of CC2D1A might have suffered from developmental defects that indirectly caused the observed defects in PKA signaling. For example, the levels of some other key regulator of PKA might be reduced or absent in CC2D1A mutants. Second, the truncated CC2D1A protein itself might have a novel function not present in the WT CC2D1A protein that coincidently affects PKA signaling. For example, the truncated CC2D1A might dominantly inhibit the normal function of the WT CC2D1A or its interacting proteins. One way to explore the likelihood of these alternative explanations would be to attempt to rescue some of the phenotypes of the *CC2D1A* mutant cells by expressing WT CC2D1A protein from a plasmid. Correcting the defects in a cell culture experiment would rule out defective development as the proximal cause of the mutant phenotype. By expressing truncated forms of CC2D1A in WT and heterozygous CC2D1A mutants, one might also begin to test for possible dominant-negative effects of the truncation mutant. To test for a more direct role of CC2D1A in cAMP signaling, we constructed expression plasmids for GFP-CC2D1A fusion protein and transfected the GFP-CC2D1A and GFP control plasmids separately into *CC2D1A* mutant MEF cells. After 24 h, cells were stimulated with forskolin for different times, collected their lysates, or fixed them with 4% formaldehyde and examined for CREB phosphorylation and GFP-CC2D1A localization. Consistent with the observations of the endogenous WT CC2D1A by immunostaining, the full-length GFP-CC2D1A displayed an accumulation toward the cell periphery, which was not observed in GFP vector control cells ([Fig. 5](#F5){ref-type="fig"}*A*). These observations suggest that the GFP-CC2D1A plasmid is functional in the *CC2D1A* mutant MEF cells. Moreover, these results also indicate that the truncated form of *CC2D1A* in the mutant cells does not act in a dominant-negative fashion with respect to CC2D1A re-localization. This observation also is consistent with the fact that although the heterozygote *CC2D1A* mice contain the truncated form of CC2D1A, they are alive and healthy as the wild-type mice, indicating that the WT allele is functioning normally in the heterozygous mutants. Interestingly, Ser-133 CREB phosphorylation was restored to the WT level in the *CC2D1A* mutant cells expressing GFP-CC2D1A from the exogenous plasmid ([Fig. 5](#F5){ref-type="fig"}*B*). This increased Ser-133 phosphorylation was not detected in *CC2D1A* mutant cells expressing GFP from the control plasmid. These results show that complementing the *CC2D1A* mutant MEF cells by expressing wild-type CC2D1A rescues the CREB phosphorylation phenotype, indicating that the CREB phosphorylation defect in the mutant is a direct effect of the absence of the CC2D1A protein.

![**Cc2d1a expression rescues the CREB phosphorylation phenotype in *CC2D1A* mutant MEF cells.** *A,* Western blots show that GFP-Cc2d1a expression rescues the early CREB phosphorylation defect in *CC2D1A* mutant MEF cells to the wild-type level. GFP-Cc2d1a fusion protein was expressed in *CC2D1A* mutant MEF cells. The transfected mutant cells, along with the wild-type MEF cells, were stimulated with forskolin. GFP vector (control) expression did not rescue the early CREB phosphorylation defect in the *CC2D1A* mutant cells to the wild-type level, whereas GFP-Cc2d1a expression rescued the phenotype. *B,* images of *CC2D1A* mutant MEF cells show the accumulation of the expressed GFP-Cc2d1a fusion protein toward the cell periphery after stimulation with forskolin, whereas GFP protein alone (control) does not.](zbc0181205260005){#F5}

#### CC2D1A Is Required for Proper Neuronal Differentiation and Brain Development, and the cAMP/PKA Signaling Pathway Is Compromised in CC2D1A Mutant Neurons

Because the *CC2D1A* gene was identified as carrying disease-causing mutations in families with severe autosomal recessive NSMR, the study of CC2D1A in the neurons might elucidate the cellular function of CC2D1A and suggest the molecular mechanism by which CC2D1A mutations lead to mental retardation. The postnatal lethality of our Δ*CC2D1A* mouse prevented us from testing directly the involvement of *CC2D1A* in NSMR using a mouse model. However, identification of CC2D1A as a positive regulator of the cAMP/PKA pathway in a variety of cell types, including neurons, suggests that an underlying reason for *CC2D1A*-mediated NSMR is due to defects in cAMP-PKA signaling. Thus, our finding identifies a molecular basis for NSMR with *CC2D1A* mutations. The cAMP/PKA pathway regulates synaptic plasticity, learning, and memory and thus is an important pathway for mental retardation research ([@B12], [@B13]). As PKA has multiple substrates that play important roles in learning and memory, it remains to be discovered which PKA substrates are involved in the functions of *CC2D1A* in mental retardation. To investigate the role of *CC2D1A* in neuronal cells, we started by testing whether CC2D1A alters cAMP signaling in the neuronal system by repeating some of the key experiments that we described above for non-neuronal cell lines. We prepared hippocampal neurons from WT and *CC2D1A* mutant mice (P0) and cultured them for 14 days. We stimulated the neurons with forskolin for different times, and CREB phosphorylation status at Ser-133 was assessed by Western blot. Consistent with the previous results, we found that CREB early phosphorylation at Ser-133 was defective in the mutant neurons indicating that CC2D1A is important for the early CREB phosphorylation at Ser-133 by PKA in the neurons ([Fig. 6](#F6){ref-type="fig"}*A*). We also measured PKA activity in WT and *CC2D1A* mutant neurons. As per [Fig. 6](#F6){ref-type="fig"}*B*, the PKI-inhibitable kinase activity was much lower in the stimulated *CC2D1A* mutant neurons compared with WT neurons. We also added cAMP to both WT and *CC2D1A* mutant untreated lysates to measure the maximum amount of PKA catalytic subunit that could have been activated in either cell type. The total PKA activity was the same in WT and *CC2D1A* mutant neurons, indicating that the difference in the PKA activity was not due to an unequal amount of activatable PKA catalytic subunit in the cell lines. Consistent with our previous results, this experiment indicates that CC2D1A is important for PKA activation in the neurons. Next, we examined the subcellular re-localization of PKAcs by immunohistochemistry after stimulating cultured WT and *CC2D1A* mutant hippocampal neurons with forskolin. The translocation of PKAcs to the nucleus was observed in WT neurons but not in *CC2D1A* mutant neurons, suggesting that CC2D1A is involved in the release of PKA catalytic subunits from the PKA signaling complexes also in neurons ([Fig. 6](#F6){ref-type="fig"}*C*). We also investigated possible changes in subcellular localization of CC2D1A in hippocampal neurons upon treatment with forskolin. In WT, treatment with forskolin resulted in localization of CC2D1A to the cell periphery ([supplemental Fig. S4](http://www.jbc.org/cgi/content/full/M111.261875/DC1)). These observations suggest that CC2D1A may localize to places where the cAMP/PKA module is anchored in response to the signaling stimulants to modulate PKA activity. Localization of the truncated CC2D1A protein was not observed in *CC2D1A* mutant neurons, suggesting that the C2 domain may be required for CC2D1A localization also in neurons. These data support that CC2D1A is also involved in regulation of the cAMP/PKA pathway in neurons. Conditional knock-out and transgenic studies have revealed that CREB transcriptional activity is required for neuronal survival, axonal growth ([@B13]), and outgrowth of cortical neuron dendrites. Based on the previous data, it is possible that a CREB-regulated transcriptional program is vital for mutations in *CC2D1A* resulting in NSMR. Because CREB phosphorylation on Ser-133 is defective in *CC2D1A* mutant neurons, we examined some CREB-dependent functions in *CC2D1A* mutant neurons.

![**Cc2d1a regulates PKA activity in the neuronal system.** *A,* Western blot of Ser-133 phosphorylation of CREB in response to forskolin treatment in WT and *CC2D1A* mutant neurons. *B, in vitro* PKA activity assay showing the increase in PKA activity only in WT and not in *CC2D1A* mutant neurons stimulated with forskolin. *C,* immunostaining demonstrating PKA catalytic subunit translocation into the nucleus in response to forskolin treatment in WT but not *CC2D1A* mutant neurons.](zbc0181205260006){#F6}

#### Survival Rate of Neurons under Oxidative Stress Is Compromised in CC2D1A Mutant Neurons

We measured neuronal survival under stress conditions. We cultured neurons for 36 h and then treated them with camptothecin, a DNA topoisomerase I inhibitor, or H~2~O~2~ to introduce stress. The concentrations used were aimed to induce 50% cell death in WT neurons. The *CC2D1A* mutant neurons showed lower survival rates than the WT neurons ([Fig. 7](#F7){ref-type="fig"}*A*).

![**Cc2d1a is important for neuronal survival and plasticity.** *A,* immunostaining and dendrite length measurements showing that total dendrite length per cell is lower in *CC2D1A* mutant neurons compared with WT. Hippocampal neurons were cultured for 14 days, fixed, and stained with antibodies to MAPII. Dendrites were visualized by immunofluorescence microscopy. Fluorescent images were obtained and analyzed to measure total dendrite length per cell (*p* \< 0.001). *B,* survival assay and immunostaining showing that the survival rate under oxidative stress is compromised in *CC2D1A* mutant neurons. Hippocampal neurons were cultured for 36 h, and stress was introduced by camptothecin (10 μ[m]{.smallcaps}) or H~2~O~2~ (30 μ[m]{.smallcaps}) treatment. Then the neurons were fixed and stained with Hoechst or DAPI to score healthy, intact nuclei as an estimate of cell survival. (*p* \< 0.002). Immunostaining and synapse number assay showed that the total synaptic number (*C*) and the synaptic density (*D*) is lower in the *CC2D1A* mutant neurons compared with WT neurons. Hippocampal neurons were cultured for 14 days, fixed, and stained with anti-MAPII and anti-V GlutII antibodies. The number of synapses was counted per cell. Number of synapses per length of dendrite (100 μm) was also calculated. (*p* \< 0.002).](zbc0181205260007){#F7}

#### Total Dendrite Length per Cell Is Lower in CC2D1A Mutant Neurons Compared with Wild-type Neurons

Transcriptional regulation carried out by CREB and CREB-binding protein is involved in regulating dendrite growth, and this regulation can be modulated by the level of synaptic firing. However, the mechanism by which CREB-binding protein and CREB do this is not clear ([@B35], [@B36]). To assess the role of CC2D1A in neurons to form dendrites in long term culture, WT and *CC2D1A* mutant neurons were cultured separately for 14 days, fixed, and stained with antibodies to microtubule-associated protein 2 (MAP2). Fluorescent images were obtained and analyzed to measure total dendrite length per cell. The results show that the *CC2D1A* mutant neurons produced fewer dendrites and a lower total dendrite length compared with the WT neurons ([Fig. 7](#F7){ref-type="fig"}*B*). This cellular phenotype is also consistent with our observed CREB phosphorylation defect and the documented role for CREB in dendrite outgrowth.

#### Total Synaptic Number and Synaptic Density Is Lower in CC2D1A Mutant Neurons Compared with Wild-type Neurons

Synaptic plasticity, the change in the strength of neuronal connections in the brain, is thought to underlie learning and memory. Although how synaptic signals propagate to the nucleus to initiate CREB target gene expression is unclear, well known CREB target genes are implicated in the synaptic plasticity. To further assess the effect of CC2D1A on synapse formation, we cultured primary WT and *CC2D1A* mutant hippocampal neurons and examined synapse formation. After 14 days of culture, neurons were fixed and stained with anti-MAP2 and anti-V GlutII (a post-synaptic protein) antibodies, and the number of synapses were counted per cell. Consistent with the reduced number of dendrites formed by *CC2D1A* mutant neurons, the number of synapses that they form per cell is also reduced ([Fig. 7](#F7){ref-type="fig"}*C*). In addition, the numbers of synapses per length of dendrite were calculated, and the results indicated that this "density" is lower in *CC2D1A* mutant than WT neurons ([Fig. 7](#F7){ref-type="fig"}*D*). This indicates that the mutant neurons do not have fewer synapses simply because they have a lower total dendrite length. Given the low survival of *CC2D1A* mutant neurons under stress, their reduced number and length of dendrites, and their reduced number of synapses per cell, it appears that CC2D1A is important for neuronal survival and plasticity.

DISCUSSION
==========

The cAMP/PKA signaling pathway is critical for many functions during development and cellular homeostasis in adult tissues. Any mutation at any point of the pathway that may cause hypo- or hyperactivity of the pathway can lead to devastating consequences. These mutations can range from fatal mutations that cause death in fetal stages to mutation that can cause different types of human tumorigenesis. Therefore, uncovering the CC2D1A protein as a new component in the cAMP signaling pathway is pivotal and may illuminate another aspect of cAMP signaling specificity. The evidence for the involvement of CC2D1A in cAMP signaling is severalfold. First, it appears that CC2D1A associates with the cAMP module because cAMP module components were isolated from cells and mice brain tissues in complexes with the CC2D1A protein after stimulation of the cAMP signaling transduction pathway. Second, genetic ablation of *CC2D1A* in the mouse allowed us to demonstrate that CC2D1A is required for PKA activation *in vitro*, PKAcs translocation to the nucleus, and for the phosphorylation of the transcription factor CREB in primary and immortalized cells as well as in cultured neurons. Because PKA is the main way by which cAMP exerts its effects, the compromised activity of PKA that was detected in the *CC2D1A* mutant cells suggests the importance of CC2D1A for PKA activation. Also, our controls showed that the amount of PKAcs in both of the WT and mutant cells was equal indicating that the difference in the PKA activity is not due to unequal amount of total PKAcs but may be due to unreleased (in active) catalytic subunits from the regulatory subunits (PKA RII). The previous data are supported by the fact that the translocation of the PKAcs to the nucleus was observed in the WT MEF cells but not in the *CC2D1A* mutant MEF cells suggesting that CC2D1A may be important for the release of the PKAcs from the regulatory subunit that leads to its activation. Third, the early phosphorylation of CREB at Ser-133 after stimulation of the cAMP pathway that is defective in the *CC2D1A* mutant cells suggests that CC2D1A is important for CREB phosphorylation by PKA. Although CREB phosphorylation at Ser-133 and PKA activation are significantly compromised in *CC2D1A* mutant cells, other signaling pathways are unaffected indicating that CC2D1A function is specific to cAMP/PKA activity regulation. Fourth, putting the WT CC2D1A protein back in the *CC2D1A* mutant cell had rescued the CREB phosphorylation almost to the WT level. Fifth, compartmentalization is an effective and well established mechanism to regulate cAMP activity where AKAP proteins compartmentalize the PKA holoenzyme and other signaling enzymes at precise subcellular sites in close proximity to their physiological substrate(s) and favor specific phosphorylation events. Consistent with the previous knowledge, our data indicate CC2D1A relocalization in the cytosol after cAMP stimulation. CC2D1A relocalization differs depending on the cell and stimulants types. In MEF cells treatment with forskolin resulted in localization of CC2D1A to the cell periphery. A similar change in the cellular localization of CC2D1A was observed in mouse neurons and macrophages treated with forskolin, but macrophages LPS treatment resulted in CC2D1A localization to cortical puncta. These observations suggested that in response to the cAMP elicitors, signaling stimulants, CC2D1A relocalizes to the cAMP pool places where the cAMP/PKA module can be anchored to modulate PKA activity. Additionally, relocalization of the truncated CC2D1A protein was not observed in macrophages and MEF cells derived from the CC2D1A mutants suggesting that the three missing DM14 domains and/or the C2 domain may be required for CC2D1A relocalization. These observations endorse CC2D1A involvement in the cAMP signaling pathway. Moreover, the fractionation results indicated that all of CC2D1A, PDE4D, AKAP8, and PKARII are present in the membrane fraction only after stimulation of the cAMP pathway. Also, the presence of only PDE4D in the *CC2D1A* mutant cell cytoplasmic fraction before and after stimulation is in agreement with the mass spectrometry results where only PDE4D was identified in *CC2D1A* mutant protein complex. These results suggest the relocalization of CC2D1A along with the cAMP module to the membrane after stimulating the cAMP pathway. Because our *CC2D1A* mutant truncated form does not relocate to the cell periphery, the previous fractionation results support our hypothesis that CC2D1A relocalization leads to recruiting the cAMP module to the membrane. Furthermore, CC2D1A appears to bind PA and PS which are highly expressed in the neuronal plasma membrane, *in vitro* through its C2 domain suggesting that CC2D1A is recruited to the membrane to facilitate signal transduction. In summary of the previous data, we believe that CC2D1A relocalizes after stimulation toward the area where cAMP is made helping to bring the cAMP module close to the cAMP pool and aiding in release of the PKA catalytic subunits from the regulatory subunits. The release of PKA catalytic subunits leads to the PKA activation and translocation to the nucleus, leading to the phosphorylation of CREB and the activation of many gene transcriptions depending on the stimulant type. These results make CC2D1A a new regulator of the cAMP pathway, which opens many doors for research and drug targets for treatments. If that is the case, how is CC2D1A implicated in mental retardation? The recent finding of CC2D1A involvement in NSMR raises the question of the function of CC2D1A in the brain. The cAMP-PKA-CREB signaling pathway plays a diverse role in neuronal functions. It is involved in neuronal survival, processing expression, enhancing neurite outgrowth, alteration of neuronal responses to certain growth factors, overcoming the neurite growth inhibition effects of myelin-associated inhibitory factors, and promoting axonal regeneration in the central nervous system ([@B13], [@B35]). In addition, CREB is among the best studied transcription factors implicated in different neuronal processes such as survival, synaptic plasticity, memory and learning, and drug habituation and addiction ([@B36]). Taking this knowledge into consideration, our finding that CC2D1A is a positive regulator of this pathway may provide a molecular explanation for the cause of NSMR in which *CC2D1A* is mutated. Based upon our results of compromised PKA activity, the CREB phosphorylation defect at Ser-133 along with the reduced translocation of the PKA catalytic subunit to the nucleus in mutant neurons, one may think that CC2D1A plays the same role in the neuronal system. Interestingly, the truncation mutation in humans that is associated with NSMR results from a stop codon at position 480 (485 in the mouse protein), which is similar to the 280-amino acid N-terminal fragment produced in our mutant mouse. However, we have to keep in mind that the mutant mouse that we studied is not identical to the *CC2D1A* truncation mutation identified in human NSMR. Even if it was the identical mutant protein, there might still be significant differences between mouse and human physiology that could render any of the following observations more or less relevant to the observed defects in cognitive function in NSMR. In agreement with previous knowledge, we have observed several defects in *CC2D1A* mutant neurons. Because mutant hippocampal neurons display lower survival rate under oxidative stress ([@B37]--[@B40]), lower synapse number per cell, and lower total dendrite length per cell, which are downstream events of CREB activation, the absence of CC2D1A in neurons may be causing a developmental problem in the brain. If this occurs late in gestation, it would likely lead to the gross neural defects and abnormal brain development, likely leading to deficits in mental function.
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###### Supplemental Data

This article contains [supplemental Figs. S1--S4](http://www.jbc.org/cgi/content/full/M111.261875/DC1).

The abbreviations used are: NSMRnonsyndromic mental retardationCREBcAMP-response element-binding proteinPKAcsPKA catalytic subunitMEFmouse embryonic fibroblastPDEphosphodiesterasePAphosphatidic acidPSphosphatidylserineAKAPprotein kinase A anchoring protein.
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